If t h e nuclear s c a t t e r i n a arnpli tude b i s now well known f o r a number of nuclei, t h i s was not t h e case, until recently, f o r b+and b-. For t o get them,we need to know not only t h e value of b , but also t h a t of B , t h e so called spin dependent s c a t t e r i n g amplitude. And very few B values were known 10 years ago. W e may then ask t h r e e questions lo) How can we measure these B values?
2") What has been done up t o now t o measure them? 3") What i s t h e i n t e r e s t of such measurements?
I -The principles of B measurements They may be found from t h e expression of t h e s c a t t e r i n g cross-section i n an experiment where neutrons f a l l on a crystal with atoms of non zero nuclear spin. This problem has been solved t h e o r e t i c a l l y i n the most general case by BLUME and SCHERMER, f i f t e e n years aqo, i n a s e r i e s of t h r e e papers L21C"3 .
Nevertheless, f o r our purpose, i t w i l l be s u f f i c i e n t t o consider t h e very simple case of a c r y s t a l b u i l t of identical atoms of only one nuclear species with non zero nuclear spin, without any e l e c t r o n i c maqnetic moment, t h i s crystal having only one atom per u n i t c e l l . Under such conditions, t h e scattered i n t e n s i t y will be : a) f o r a p a r t coherently scattered i n Bragg peaks, with an i n t e n s i t y proportional t o t h e modulus square of t h e s t r u c t u r e amplitude whose expression i s + -+ P and n being t h e polarization of nuclei and neutrons respectively. b) f o r another part incoherently scattered with a spin-incoherent scatt e r i n g cross-section per atom :
From these two expressions, i t i s easy t o get those corresponding t o the different combinations of nuclear and neutron polarizations, asshown in t a b l e I .
TABLE I
The ways t o obtain B appear then c l e a r l y : we can measure t h e incoherent s c a t t e r i n g cross section ( l a s t column of table I ) .
But one obtains [BI and t h e uncertainty about the sign remains. Moreover, i n the past, accurate determination of spin-incoherent s c a t t e r i ng cross s e c t ions were d i f f i c u l t , except when t h i s cross-section i s very large. Such was the case f o r H, and t o a l e s s e r degree, f o r 5' V. Table I 1 g i v e s t h e r e s u l t s concerning t h e s e n u c l e i , which were known t h i r t y years ago   TABLE I 1 The u n c e r t a i n t y o n t h e s i g n o f B was r e s o l v e d f o r A H f r o m t h e o r e t i c a l p r e d i ct i o n s according t o which t h e s c a t t e r i nu p -o s s -s e c t i o n of orthohydroqen s h o u l d be 40 t i m e s t h a t o f parahydrogen i f B was p o s i t i v e , and o f t h e same o r d e r o f maqnitude i f B was n&ativeL4'
. The experimentZ51 gave 30, l e a d i n g w i t h c e rt a i n t y t o a p o s i t i v e v a l u e o f B.
From t a b l e I, another method c o u l d be t o measure, w i t h u n p o l a r i z e d neutrons, b u t p o l a r i z e d n u c l e i , t h e i n t e n s i t y v a r i a t i o n o f a Bragq peak a g a i n s t n u c l e a r p o l a r i z a t i o n . But once more, t h e s i g n o f B remains unknown, and t h e s e n s i t i v i t y remains poor, s i g n a l b e i n g p r o p o r t i o n a l t o t h e square o f a p o l a r i z a t i o n o f t e n smal I. Compared t o t h e o t h e r methods, t h e s e n s i t i v i t y i s s t r o n g l y enhanced b y t h e f a c t 2 t h a t t h e s i q n a l i s now p r o p o r t i o n a l t o P,rather t h a n P ,and one g e t s t h e s i g n 2 o f B, t h e s i g n a l b e i n g a l s o p r o p o r t i o n a l t o B, r a t h e r t h a n B . ---Therefore i t i s n o t s u r p r i s i n g t h a t , i n t h e e a r l y days o f B measurements, use has been made o f t h i s method. However, t w e n t y years ago, a p p r e c i a b l e n u c l e a r p o l a r i z a t i o n s were n o t easy t o oet. -is, i n f i r s t order, p r o p o r t i o n a l b~-f I n an e x t e r n a l f i e l d H, t h e n u c l e a r p o l a r i z a t i o n i s o b t a i n e d b y t h e s o -c a l l e d b r u t e f o r c e method i n which t h e sample i s a t as low temperature as p o s s i b l e i n a f i e l d as s t r o n g as p o s s i b l e . T h i s method works w e l l f o r metals, i n most cases, conduction e l e c t r o n s i n s u r i n g q u i c k thermal e q u i l i b r i u m between t h e n u c l e a r s p i n s and t h e l a t t i c e . I f t h e r e i s good thermal c o n t a c t between t h e sample and t h e coolant, T i s t h e n t h e temperature o f t h e c o o l a n t i t s e l f . T h i s method does n o t work i n i n s u l a t o r s , where s p i n l a t t i c e r e l a x a t i o n t i m e s may be i n f a v o u r a b l e cases some hours, b u t o f t e n days, months o r longer.
Therefore t h e f i r s t experiments were performed w i t h metals.
Before d e s c r i b i n g them, we have t o extend f o r m u l a 2 ) t o t h e more general case where t h e atoms o f o u r c r y s t a l c a r r y a l s o an e l e c t r o n i c moment M.
We have t h e n : 3 1 2 -2 2 2 2 2 2 " " + + -, lfl -b +A ML+B I P +2bAMl .n+2bBIP.n+2ABML.
P I w i t h 3 square terms and 3 c r o s s terms. I n t h i s expression, i t i s understood + + + t h a t each o f t h e b, B and M terms have t o be m u l t i p l i e d by S (K -G), G b e i n g a v e c t o r o f t h e r e c i p r o c a l l a t t i c e concerned : chemical l a t t i c e f o r b, n u c l e a r s p i n l a t t i c e f o r B and magnetic l a t t i c e f o r M.This expression, which g e n e r a l i z e s formula 2 ) shows t h a t i f we want t o get B, i n s i g n and magnitude, a t l e a s t one of t h e two l a s t terms o f 3) s h o u l d come i n t o p l a y i n t h e i n t e n s i t y o f t h e Bragg r e f l e c t i o n . T h i s has two consequences : 1 ) N u c l e i have t o be p o l a r i z e d (P #o) 2) T h i s necessary c o n d i t i o n b e i n g s a t i s f i e d , 3 p o s s i b i l i t i e s remains
concerning t h e 2 cross-terms o f 3) c o n t a i n i n g B : a) o n l y t h e f i f t h term i s non zero. It i s t h e case f o r t h e non magnetic c r y s t a l we considered before. Neutrons have t o be p o l a r i z e d ( n #o) b) Only t h e s i x t h term i s non zero. Neutrons do n o t have t o be p o l a r i z e d . c ) B o t h terms a r e n o t zero. I n p r i n c i p l e , t h e s i x t h term would be s u f f ic i e n t t o g e t B and p o l a r i z e d neutrons a r e n o t necessary. But we s h a l l see l a t e r t h a t p o l a r i z e d neutrons are, i n most cases, r e q u i r e d .
11-E a r l y B measurements ( n e u t r o n d i f f r a c t i o n )
rsl The f i r s t experiment was done i n 1963 b y C.G.SHUL~ o n a s i n g l e c r y s t a l o f vanadium. T h i s experiment was o f t h e c ) type. I t was an o u t s t a n d i n g achievement, f o r t h e "V n u c l e i were v e r y p o o r l y p o l a r i z e d b y b r u t e f o r c e i n a r a t h e r modest f i e l d o f 1.3 t e s l a , and t h e l o w e s t temperature o b t a i n e d was o n l y 2.8 K. Under such c o n d i t i o n s , n u c l e a r p o l a r i z a t i o n o f V was o n l y 0.04 %! A n a l y s i s o f t h e s i x terms i n 3) shows t h a t t h e main one i s bz, i n s p i t e o f t h e f a c t t h a t '' V has t h e lowest known s p i n independent n u c l e a r s c a t t e r i n g amp1 i tude. Two orders o f magnitude below, we f i n d t h e 4 t h and 5 t h terms, 2bAMn and 2BIPn, t h e remaining t h r e e terms b e i n g again two orders o f maqnitude below. The f l i p p i n g r a t i o reduces t h e n t o The second experiment, a l s o o f t h e c ) t y p e was done 6 years l a t e r , a l s o by
C.G. SHULL, w i t h Y. I T O~" , on c o b a l t . The a p p l i e d f i e l d and temperature were t h e same as i n t h e experiment on 51 V, b u t p o l a r i z a t i o n was enhanced (0,7 % i n s t e a d o f 0,04 %) b y t h e h y p e r f i n e f i e l d o f c o b a l t 15 t i m e s h i g h e r than t h e a p p l i e d f i e l d , The f i r s t experiment o f a) t y p e was performed i n 1972 a t Saclay o n " F, under t h e impulse o f Pr. ABRAGAM who, w i t h h i s NMR group succeeded i n g e t t i n g evidence o f n u c l e a r a n t i f e r r o m a g n e t i c o r d e r on t h e f l u o r i n e s p i n s i n a CaF, c r y s t a l L 8 ' . I t remained t o neutrons t o c o n f i r m t h e e x i s t e n c e o f t h i s order, and t h e c o r r e c t n e s s o f t h e a n t i f e r r o m a a n e t i c c o n f i g u r a t i o n which had been proposed f r o m t h e o r e t i c a l c o n s i d e r a t i o n s . But p r i o r t o u n d e r t a k i n g t h e exper i m e n t , one had t o be s u r e t h a t t h e B v a l u e o f '' F would n o t be t o o weak, because one expected s u p e r l a t t i c e r e f l e x i o n s w i t h an i n t e n s i t y p r o p o r t i o n a l 2 4 9
t o 6 . The s p i n i n c o h e r e n t s c a t t e r i n g c r o s s -s e c t i o n o f F gave an i n f o rmation o f v e r y poor accuracy : 0 6 1B I < 0,15 10-12cm. We c a l l e d f o r h e l p n u c l e a r t h e o r e t i c i a n s i n Saclay who gave a s t i l l more p e s s i l~i s t i c value : B = -0,07 We t h e n performed t h e experiment on a CaF2 c r y s t a l h i g h l y p o l a r i z e d b y microwave techniques w i t h t h e f o l l o w i n g r e s u l t : although t h e B s i g n p r e d i c t e d b y n u c J~$ r t h e o r e t i c i a n s was c o r r e c t , t h e magnitude was 8 t i m e s below t h e predictionL'": Such a low v a l u e r u l e d out any n e u t r o n t e s t o f t h e n u c l e a r AF s t r u c t u r e i n CaF2 . And i t i s o n l y s i x years l a t e r t h a t n e u t r o n evidence c o u l d be g i v e n o f n u c l e a r AF order, b u t on a L i H crystalK"' where t h e l a r g e p r o t o n B v a l u e was much more f a v o u r a b l e .
One y e a r l a t e r , an experiment o f t h e b ) t y p e was performed, almost a t t h e same time i n USA"~' and a t ~a c l a y~'~' on holmium, w i t h t h e same r e s u l t except a l i t t l e more accuracy f o r t h e US v a l u e which was o b t a i n e d on a s i n g l e c r y s t a l . The Saclay experiment, a v e r y simple one, was done on a powder, w i t h u n p o l a r i z e d neutrons, w i t h o u t any magnetic f i e l d , and a t temperatures easy t o get, between 4.2 and 1.4 K I n b o t h experiments, t h e t r i c k was t h e presence i n Ho a t t h e s e temperatures o f a known ordered magnetic structureL44' and o f a v e r y s t r o n g h y p e r f i n e f i e l d (-900 t e s l a ) which, even a t temperature as h i g h as 4. two terms 2 AMs and 2 B I s . Here again we dropped t h e s u b s c r i p t l o f M, i.e. we consider an experiment i n which m a g n e t i z a t i o n i s p e r p e n d i c u l a r t o t h e s c a t t e r i n g -+ vector. W e f u r t h e r a s s o c i a t e to+e$ch nucle:r+spin B b e i n g expressed, as usual i n 10-12cm.
W e n o t e t h a t t h e s e f i c t i t i o u s moments, which ABRAGAM named "nuclear pseudomag n e t i c moments" (NPM) a r e q u i t e comparable t o t h o s e o f paramagnetic atoms. For example from ( 5 ' ) and t a b l e 11, WE can see t h a t t h e NPM o f t h e p r o t o n i s 5.4 pB.
Moreover, ABRAGAM p o i n t e d o u t t h a t s i n c e t h e 2 terms o f o p e r a t o r & were now so s i m i l a r , t h e y ought t o have t h e same e f f e c t on t h e wave f u n c t i o n s i n any experiment w i t h neutrons. I n o t h e r words, an assembly o f n u c l e a r s p i n s w i l l have on neutrons t h e same e f f e c t as t h e assembly o f t h e i r associated NPM, I n p a r t i c ul a r , neutrons c r o s s i n g a p o l a r i z e d t a r g e t o f N n u c l e i p e r u n i t volume, w i t h -+ pseudomagnetic moment M* and p o l a r i z a t i o n P w i l l undergo t h e same e f f e c t s as i f a magnetic i n d u c t i o n B * (again f i c t i t i o u s ) was applied, t h i s "pseudomagnetic i n d u c t i o n " b e i n g g i v e n by + (6)g* = 4 K N M* P As a consequence, n e u t r o n s p i n s w i l l precess around t h e n u c l e a r p o l a r i z a t i o n P at a frequency yrn being t h e neutron gyromagnetic r a t i o ( y,=2,917 Hz/pauss).
Such an effect had been p r e v i o u s l y p r e d i c t e d , from n e u t r o n o p t i c s 'j6' . But the v e r y simple and elegant concept o f n u c l e a r pseudomaqnetism leads i n a s t r a i g hforward way t o t h e r e s u l t . C' i n which f l o w s a c u r r e n t a t t h e neutron Larmor frequency, o f such i n t e n s i t y as t o g i v e a 90" t u r n t o t h e neutron spins. So when t h e neutrons g e t out f r o m C' t h e i r s p i n s precess cohe-+ r e n t l y i n t h e p l a n e normal t o Ho. They Fia. 2 t h e n c r o s s a second c o i l C " i d e n t i c a l t o t h e f i r s t one which a a a i n r o t a t e s t h e i r s p i n s through 90°, and t h u s come o u t from + C" w i t h t h e i r s p i n s a n t i p a r a l l e l t o Ho. I f now one i n s e r t s a p o l a r i z e d t a r g e t on t h e n e u t r o n p a t h between t h e two c o i l s , neutrons w i l l f e e l , i n s i d e t h e t a r g e t , t h e -+ pseudomagnetic i s u c t i o n I% * 6 ) a s s o c i a t e d w i t h t h e n u c l e a r p o l a r i s a t i o n , i n a d d i t i o n t o t h e Ho f i e l d , which w i l l g i v e t o t h e n e u t r o n s p i n s an e x t r a p r e c e s s i o n angle t b e i n g t h e t r a n s i t t i m e o f t h e neutrons across t h e t a r q e t .
It i s easy t o show t h a t t h e p o l a r i z a t i o n o f t h e o u t a o i n s neutrons i s t h e n -coso( ,
i n s t e a d o f -1 w i t h o u t t h e t a r q e t . T h i s p o l a r i z a t i o n , and t h u s a , may be e a s i l y measured w i t h an a n a l y s e r -a CoFe c r y s t a l f o r example -. And t h i s measurement, g i v e s @ * through e q u a t i o n 7), whence B f r o m 6 ) and 5 ) p r o v i d e d P i s known.
W e f i r s t t e s t e d t h e e f f i c i e n c y o f t h i s method i n 1973, o n n u c l e i o f known B 5 ( value, namely A~ and V"".
T h e r e a f t e r , B v a l u e o f some 30 n u c l e i were measur e d i n t h i s way C20'-25J . For economical reasons, we began w i t h m e t a l s t h a t n a t u r e s u p p l i e d as p u r e isotopes. Nuclear p o l a r i z a t i o n was o b t a i n e d b y b r u t e f o r c e i n a f i e l d o f 2.5 t e s l a , a t temperatures down t o 40 mK w i t h a d i l u t i o n c r y o s t a t . Fig.3 shows, as an example, t h e r e s u l t o f an experiment on ' ?~l showing t h e v a r i a t i o n o f o( a g a i n s t T-" i.e t h e n u c l e a r p o l a r i z a t i o n . B i s o b t a i n e d f r a n t h e s l o p e o f t h e l i n e across t h e p o i n t s . 
